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fflGH WORK FUNCTION TRANSPARENT CONDUCTING OXIDES AS 
ANODES FOR ORGANIC UGHT-EMTmNG DIODES 

packgroiiJid of t^*^ Tn vention. 

This fipplicalion claims priority benefit of provisional application serial no. 
60/3 15,159 filed August 27, 2001, the entirety of winch is incorporated herein by 
reference. 

The United States government has certain rights to tMs invention puxsuant to 
Grant Nos. CAMP MURl (N00014-95-1-1319) andDMR-0076G97, to Norfhwestem 
University firatn fee Office of Naval Research and National Science Foundation, 
respectively. 

Impressive scientific and technological progress has recently been achieved in 
tiie area of organic Kght-emittiiig diodes (OLEDs), driven by potential applications m 
a large variety of diq)lay technologies. An equal fiindamental research motivation has 
been the desue to better understand and control charge injection into, charge 
migration throu^, and radiative recombination in, molecular and macromolecular 
solids. Over the past few years, increasing activity has fi>cused on inq>roving charge 
injection efficiency at bofli OLED catiiode/organic and anode/organic inter&ces. 
(See, e.g., J. E. Malinsky, G. E. Jabbour, S. E. Shaheen, J. D. Anderson, A. G. Richter, 

. N. R. Armstrong, B. Kipplelen, P. Dutta, N. Peyghanibarian, T. J. Maries, Adv. Mater. 

■ 1999, 1 1. 227). Low work function metals (e.g., Ca, Mg) and combinations with other 
atmospherically stable metals (e.g., Ag, Al) have been implemented as cathodes, to 
afford improved luminous quantum ^ciencies and lower operating voltages. (C. 
Zhaog, D. Braun, A. J. Heeger, J. Appl. Phys. 1993, 73. 5177; J. BCido, K. Hongawa, 
K. Okuyama, K. Nagai.^pp/. Phys. Lett. 1993, 63, 2627.) hi conliast, relatively few 
materials have been explored as alternatives to Sn-doped In203 (TTO) as OLED 
anodes. As an n-doped, degenerate wide band g^ semiconductor, ITO is used in 
numerous opto-electronics j^lications (e.g., photovoltaic cells, flat panel liquid 
crystal displays, "smart" windows, etc.) because of good transmittance in the visible 
and near-IR, low electrical resistivity, and easy processibility. (H. L. Hartnagel, A. L. 
Dawar, A. K. Jain, C. Jagadish, Semiconducting Transparent Thin Films, Institute of 
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Physics, Bristol. 1995; Special Issue on Transparent Conducting Oxides, (Eds: D. S. 
Ginley, C. Bright), MRSBtdletia. Aug. 2000, Vol. 25.) 

However, the chemical and electronic properties of ITO are fer fiom optimum 
for cunent and future generation OLEDs. Drawbacks include (1) deleterious diffusion 
of oxygen and In into proximate organic charge transporting/emissive layers (A, R. 
SchlHtmaim, D. W. Floet, A. Hillberer. F, Garten, P. J. M. Smulders, T. M. Klapwijk, 

G. Hadziioaimou, Appl Phys. Lett. 1996, 69. 1764; J. C. Scott, J. H. Kaufinan, P. J. 
Brock, R. Dipietro, J. Salem, J. A. Goitia, J, Appl Phys. 1996, 79. 2745), 

(2) imperfect (injection barrier-creating) work fimction aligoment with respect to 
typical hole tamsport layer (HTL) HOMO levels (L. CSikoda, C. Heafce. M. 
Sokoiowski, B. Umbach, F. Steuber, J. Staudigel, M. Stossel, J. Simmerer, Synthetic 

m 

Metals 2000, J J J. 315; Y. Park, V. Choong, Y. Gao, B. R. Hsieh, C. W. Tang, Appl 
Pf^s. Lett. 1996, 68. 2699; D. J. Milliron, L G. HiU, C. Shen, A. Kahn, J. Schwartz, J. 
Appl Phys. 2000, 87. 572), and (3) poor transparency in the blue region. (J. M. 
Fhilq)s, J. Kwo, G. A. Thomas, S. A. Carter. R. J. Cava, S. Y. Hou, J. J. Krajewski, J. 

H. Marshall, W. F. Peck, D. H. Rapkme, R. B. V. Dover, Af^l Phys. Lett 1994. 65, 

1 15.) Sevraal alternative materials have been recently examined as anodes, including 
TiN, doped Si, Al-doped Zn. and F-doped SnOa- However, all such materials suffer 
from some combination of poor optical transparency and/or significantly lower work 
functions than ITO, resulting in po<M: Femii level energetic alignment with HTL 
HOMOs. Efforts continue in the art for an efiBwrtive alternative to ITO and use thereof 
in OLED anode and device structures. 
Si^mtnHTv of the Invention. 

In light of the forgoing, it is an obrject of the present invention to provide a 
variety of anode conq)onent8 or structures, related electroluminescent articles/devices 
and/or method(s) for their use, production and/osr assembly, thereby overcoming 
various deficiencies and shortcomings of the prior art, inchidmg those outlined above. 
It wiU be understood by those skilled in the art tibat one or more aspects of this 
invention can meet certain objectives, while one or more other aspects can meet 
certain other objective. Bach otijective may not apply equally, in all its respects, to 
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every aspect of lisis invention. As such, the foUowing objects can be viewed in the 
alt^native with respect to any one aspect of this invention. 

Accordingly, it is an object of the present invention to provide various 
alternatives to ITO materials for use in coigunction with electrode components, 
lunrinesoent media and/or various electroluminescent devices, in particular transparent 
conducting oxides (TCOs) providing broader optical transparency windows. 



comparable or greater electrical conductivities and improved, higher woric functions 
as compared to ITO and related semi-conductor materials or components of the prior 
art 

Other objects, features, benefits and advantages of the present invention will be 
apparent ftom tins summary and its descriptions of various preferred embodiments, 
and will be readily apparent to those skilled in tiie art having knowledge of various 
electrolummescent devices and assenibly/production techniques, togeftier wifli flie 
design and fabrication of related anode strachnes. Such objects, featittcs, benefits and 
advantages will be iq>parent fiom the above as taken in conjunction witii the 
accompanying 6xanq)les, data, figures and all reasonable inferences to be drawn 
tiiere&oni. 

In part, the present invention is preferably embodied but not limited by the 
inqilemcntation of four new hi^y transparent, high work function thin film TOO 
materials as OLED anodes and related device structures: Ga-Ia-Sn-O (OITO), 2ii-In- 
Sn-O (ZrrO), Ga-In-O (GIO), and Zn-In-O (ZIO). Work function can be and is 
typically defined as tiie miniinum energy needed to remove an electron fixnn the 
Fermi level of a metal or metal conqtosition, as expressed in electron volts (eV). 
Besides exhibiting high electrical conductivities (1000-3300 S/cm) and broad, 
outstanding optical transparencies (> 90%), tiie present TCO fihns possess unusuaUy 



high work fimctions (5.2 - 6,1 eV vs. ~ 4.7 eV for ITO). In particular, ZTTO, having 
work function of 6.1 eV, is flie highest work function transparent anode material yet 
available for OLED febrication. Conventional stracture OLEDs fabricated witii fhea 
anodes exhibit performance characteristics which differ in mteresting, informative, 
and potentially useful ways fiom those of conventional ITO-based devic^i. 
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Accordingly, the present invention can be more broadly directed to an 
electrolominescent article or device including an anode febricated fiom a TCO 
material of&e type described herein- Such devices or articles together wifli various 
luminescent media of structural components can be designed and fabricated as 
d^cribed more fiiUy in U.S. Patent No. 5.834,100 and the patents cited therein, each 
of which are incorporated herein by reference in their entirety. 

Jia such, the present invention can also be contemplated in a broader context so 
as to include an organic Kght-enritting diode device. Such a device conqmses (1) an 
anode cowpanent comprising a metal conducting oxide material having a wrak 
fimction greater than 4.7eV, (2) a cathode conronent, and (3) at least one organic 
conductive layer and/or component between flie electrodes. A range of conducting 
oxide materials can be used with such a diode device, such materials as are currently 

« 

known and available or as could be prepared using known synthetic techniques en 
route to the physical, functional and/or performance parameters described herein. 
Such consideiations provide for use of a variety of Ga-In-0 and Zn-In-O compositions 
overarangeofstoichiometries. Preferred compositions include an Sn dopant Sn- 
doped Zn-In-O compositions have been found especially useful, as described more 
fully herein. Without restriction to any one stoichiometric relationship, 
Zno A5lnojwSnoi5603 is one such highly prefened conqjosition given its work function 
aUgnment wilh the ionization potential of various organic conqjositions used in the 
&brication of diode structures and devices. 

As illustrated below, in several ejcamples, such devices can be fabricated to 
include hole injection, hole transport^ electron transport, electron mjection and/or 
emissive layers, components and/or compositions. Such layers, con^onents and/or 

n to those skilled in the art made aware 

of tiiis invention, as would techniques relating to their preparation and inclusion in 
OLED device structures. However, as described more fully below, the present 
invention is demonstrated as especially useful in conjunction with blue Hght-emitting 
polyihers and febrication of the corresponding polymer Ught-emitting diodes. 
Without limitation, one such blue emitting polymer is poly(9,9-dioctylfluorene), tile 
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performance of which in a diode stracture is rignificanfly enhanced using one of 
several anode conaponeat materials of this inventicm. 

As a corollary thereto, the present invention also includes a meOiod of usmg a 
TCO material of the type described herein to inq>rove, enhance or otherwise modify 
various anode properties and/or operating characteristics of OLED devices fabricated 
therewifli. such properties and/or characteristics as discussed more fclly below. More 
particularly, TCO materials, such as ZIO, GIO, GITO, and ZTTO. exhibit high 
electrical conductivity, outstanding optical transparency, and work functions 
considerably greater ftan ftat of commercial ITO substrates. Optoelectric devices 
fabricated with such materials as anodes perform comparably or si^erior to ITO- 
based devices. 

Accordingly, the present mvention can also include an optoelectric anode 
component including a doped indium oxide composition having a work fimction 
greater than the reported value fer ITO materials of the prior art Preferably, such 
compositions have a work fimction greater than about S.OeV, such as can be obtained 
using either a Ga or Zn dopant, and providing the corresponding Ga-In-0 and Zn-In-O 
conqwsitions. Enchancement of various physical and/or functional characteristics and 
resulting perfbimance properties can be realized with an anode component further 
including an Sn dopant, preferably providing a stoichiometric range of Ga-In-Sn-O 
and Zn-In-Sn-O compositions. Such an anode component is described herein and in 
the context of an OLED device, but use tiiereof can be extended as would be 
understood by those skilled in the art to oiher optoelectric devices. Altematiyely, 
mdium oxide can be doped wifli various other metal dopants such as but not limited to 
Sb, Pb, Ge, Al and Cd - the choice of which, amount and stoichiometry depending 
upon resulting work fimction. The corresponding doped compositions can be 
incorporated into an anode component as described more fully below. 

In part, the present invention also includes one or more methods of usmg a 
TCO material of this imrention and/or the doping thereof to reduce the energy 
difibrence between an anode comprising such amaterial and the highest occupied 
molecular orbital (HOMO) level of an associated OLED component Such a 
difference is. at least in part, due to an in^iroved woric fimction and/or Fermi level 



wo 03/019598 



PCT/US02/27290 



position of the resulting anode lelative to the energy level of a particular hole injection 
and/or emissive component, resulting in various perfarmance properties of tiie type 
described herein. Such methods are effected by choice of an appropriate TCO 
material, anode febrication and incorporation thereof into an OLED device. 

As such, the present invention is also directed to a method of using energy 

level alignment to enhance tiie performance properties of an organic light-emitting 
diode device. Such a mettiod inchides (1) providing an anode component febricated 
using a conductive oxide material, tiie material having a given work function; and 
(2) contacting the anode with a conductive layer component and/or composition 
having an ionization potential, tiie potential energy level aUgned witii tiie anode oxide 
woric function level, such alignmrart defined by less than a 1.2eV difference between 
the ionization potential and work function. For a particular conductive layer (e.g., 
hole injection, hole transfer, emissive, electron tiMnsfer and/or electron injection zones 
or components) an anode conqxment and composition thereof can be designed to align 
corresponding energy levels. AHgnment reduces the hole injection energy barrier of 
such a device and can be achieved tiirough use of the present conductive oxide 

m 

materials. 

As a preferred embodiment, the present invention can also be considered in the 
contextof conjugated polymerelectroluminescence. Among the three primary colors, 
green and red polymer light-emitting diodes (PLBDs) have heretofor provided hi^ 
brightness and quantum efficiency, while blue PLEDs have not previously 
demonstiated satisfactory perfonnance for the purpose of display plications. Due to 
the high ionization potentials of most blue-emitting polymers, hole injection at tiie 
anode/polymer contact in a blue PLED is usually inefficient For example, one of tiie 
most promising bhie emitting polymers, poly(9.9-dioctylfluorette) (PFO), bas a 
highest occupied molecular orbital (HOMO) level, or ionization potential, of 5.9eV. 
Using a prior art indium-tin-oxide (ITO) (4.7eV) as the anode, inq»oses a hole 

injection barrier of 1 J26V. 

Reducing the hole mjection barrier is an integral step m flie design of blue 
PLED devices, and one now available through the present mvention. As mentioned 
earlier, the work function of a preferred zinc-indiumrtin-oxide (ZTTO) fihn is 
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defemiined by ultra-^olet photoelectron spectroscopy (UPS) to be 6.1eV, which is 
significantly higher than that of ITO and aligns with the HOMO level (5.9eV) of PFO. 
In a PLED device having ZITO as anode and PFO as emissive-layer (EL), the hole 
injection barrier is essentially overcome. As shown in ttie following exan5>les, 
substituting ZTTO for ITO as an anode material, in a PFO-based blue PLED 
provides a dramatic mcrease in device perfomiance, as evidenced by a lower tum-on 
voltage, Hgher luminance, and higher quantum effidency. Even so, as described 
herein, various other conductive layers, con^KMienls and/or compositions can be 
utilized comparably with various otiier tiansparent conducting oxide materials of this 
inventioiL 

4 

Brief Description of the Drawings. 

Figure 1 . Fermi level, HOMO/LtJMO energy level aUgnment of tiie OLED 
con^onents fabricated with various transparent conducting anode materials. 

Figures 2A-2B. 2A) Stmcture of a three layer OLED. 2B) Stiiictutes of OLED 
molecular components. Upon spm-coating, precursor I hydrolyzes and crosslmks to 
form hole injection/adhesion layer II. 

Figures 3A-3C. A. Current density, B. Luminescence, and C. External quantum 
efficiency as a function of bias for TCO/TAAAPD/Alq/Al OLED devices febricated 
with the indicated transparent conducting oxide anodes and with commercial ITO. 

Figure 4. A schematic illustiation showing ITO and ZTTO diode device 
structures and campating anode woric functions witii the ionization potential of a blue 

Ught-emitting polymer, PFO. 

Figures 5A-5C. Comparing the diodes illustrated in Fig. 4, ZTTO or 
rrO/PFO/Ca/Al OTO • and ZTTO A): 5A) Ligiht output, 5B) external quantum 
eflSciency and 5Q cunent voltage characteristics as a function of operatmg voltage. 

BTcample s of the Inventijm. 

The foUowing non-limiting examples and data iUustrate various aspects and 
features relating to the conducting oxide materials, anodes and/or devices of the 
present invention, including inqiroved anode conductivities and work functions, as are 
available flirough use of the TCO materials described herein. Such aspects and 
ft«it„T«s ATA Hescnbed in mote detail hereafter. In comparison with the prior art, die 
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III* 



present materials, anodes and articles/devices provide results and data which aie 
surprising, im«q)ected and contrary to Ae prior art. While the utiKty of tiiis inventio: 
is illustrated through the use of several TCO materials and related anode structures 
fabricated therewith, it will be understood by those sldUed in flie art that comparable 
results are obtainable with various other TCO materials, < 
stmctures, as are commensurate with the scope of this invention- 

Likewise, wifliout Kmitation, the present invention can be described and 
illustrated by four representative TCO materials, each of which can be prepared, 
isolated and/or characterized as described in the prior art: 

GITO: A. Wang, Ni. Edleman, J.R. Babcock, TJ. M^, M^L^^' ^'][' 
Brazin, C.R. Kannewurf, Mat Res. Soc Symp. Proc. 2000, 607, 345; 
AJ. Freeman, K.R. Poeppe^Jneier, T X». Mason, ILP JI. Chang, T J, 
Marks, M?5 5m//. 2000, 25, 45. 

ZTTOi A. Wang, N. L. Edleman, J. R. Babcock, T. J. Marlffl, M. A- Laoe P. W. 
Brazis, C. R- Kamiewurf, Mater, Res. Soc. Symp. Proc. 2000, o07.34^. 
A. J, Freeman, K. R. PoeppefaneiBr, T. D. Mason, R. P. H. Chang, T. J. 
Maries, MRS Bull 2000, 25, 45; 

GIO: A. Wang, S. C. Cheng, J. A- Belot, R. J. Mcneely, J. Chraig, B. 

Marcordes, T. J. Marks. J. Y. Dai, R. P. H. Chang, J. L. Schmdler, M. P. 
Chudzik, C. R. Kannewurt Mat. Res. Soc. Symp. Proc 1998, 3; 
and 

ZIO: A.Wang,J.Dai,J.C.Cheng,M.P.ChttdziTc,T.J.Mfflks,R-P.H. 

Chang, C. R- Kannewurf,^/. Phys. Lett 1998, 75, 327. A. Wang, S. 
C. Cheng, J. A. Belot, R. J. Mcneely, J. Cheng, B. Marcordes, T. J. 
Marks, J, Y. Dai, R. P. H. Chang, J. L. Schindler, M. P. Chndzik, C. R. 
Kannewurf, Mat. Res. Soc. S^ymp. Proc. 1998, 495, 3. Y. Yan, S. J. 
Pemiycook, J, Dai, R. P. H. Chang, A. Wang, T. J. Maries, Appl. Phys. 
Lett 1998, 73, 2585. 

Growth conditions (MOC VD) on float ghtss substrates and characterization of 
ZrrO, ZIO, Giro, and GIO dm fihns by X-ray diffraction, SEM, TEM, and AFM, as 
well as by other compositional, electrical, and miciostractural techniques have been 
described previously. MicrostmcturaUy, all have homogeneously doped cubic InaOs 
babyite crystal structures, and surface rms roughnesses con^arable to commerdal 
rro. Effective woric functiona were determined by UV spectroscopy using the 21 .8 
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eV He 0) source (Onricroii H1513) of a Kiatos Axis-Ultra 165 pnotoeieciron 
spectrometer. (R. Schlaf, B. A. Parkiiison. P. A. Lec, K. W. Nebesny, N. R. 
Aimsteong, Appl Phys. Lett. 1998, 73, 1026.) Woik fimctioiis were obtained by . 
iighdy sputtering Hie TCO swfece wilh an Ar^ beam (IkeV). to remove adventitious 
inqnmties (as revealed by XPS) and then lecording the difference in energy between 
tiie high kinetic energy onset and Ihe low Idnetio energy cutoff for pbotoionization. 
Samples were biased at -5 V to enhance Ihc slope of the low kinetic energy cutoff 
region. Estimates of the high kinetic energy onset for photdomzatian were obtained 
by extr^lation of the high kinetic energy portion of the photocnrission spectrum to 
the zero count baseline. Tie woiic function determined here for commercial ITO, 4.7 
eV,isinthcrangetypicaUyrepOTted. (R. ScUat B. A. Parkinson, P. A. Lee, K. W. 
Nebesny, N. R. Armstrong, Appl Phys. Lett. 1998, 73. 1026.) 

Ryi>mnle2 



Relevant properties of several TCO anodes of this invention are summarized in 
Table 1, below. Note that aU have lower optical absorption coefficients than 
commeicial rrO Ponelley Corp., 20 Q/D). The viable transparency windows of 
these fihns are also significantly broader than that of ITO. (A. Wang, N. L. Edleman, 
J. R. Babcock, T. J. Marks, M. A. Lane, P. W. Brazis. C. R. Kannewurf; Mater. Res. 
Soc. Symp. Proc. 2000, 607. 345.) Although ZIO and GIO have somewhat lower n- 
lype conductivities (700-1000 S/cm) than commercial ITO (-3000 S/cm), tiie Sn- 
doped versions (GITO, ZTTO) exhibit conqjarable vahies (2000-3300 S/cm). As 
cuttently understood, GITO and ZITO are die most transparent and among the most 
conductive TCO materials available for OLED febrication. In terms of robustness, all 
of the present films are more chemicaUy inert than commercial ITO; e.g., to remove a 
120 nm tinck ITO film using 20% aqueous HCl at 25 "C requires -5 min, while 
comparable degradation of GITO or GIO fihns requires -4 x longer. Figure 1 
summarizes TCO work function data and Fermi level positions relative to tiie energy 
levels of the conqjonents to be used in OLED fsOmcation (vide infta): the HOMOs of 
a crosslinked Iriarylamine (TAA) adhesion/injection layer and TPD hole transport 
layer (fTTL). as weU as the LUMO of the ahnninum tris-quinoxalate (Alq) electron 
transport layer (ETL). (H. Ishii, K. Sugiyama, E. Ito, K. Sdd, Adv. Mater. 1999, 11, 
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605.) These data are a measure of the imrinsic hole injection barrier, i-e., the energy 
offiet between flie organic HOMO level and the TCO Fermi level, in absence of other 
interfedal structural or electronic barriers. (H. Ishii, K, Sugiyama, E. Ito, K. Seld. 
Adv.Mater. 1999. ii. 605.) Note &8t all the present non-ITO TCO materials have 
work functions significantfy greater Him ftat of commercial ITO - indeed, tiie work 
fimction of the GITO films rivals that of Au (5.4 eV) while the value of ZTIO (6.1 
eV) is greater than feat of Pt (5.7 eV). S. M. Sze, Physics of Semiconductor Devices, 
Wiley, New York 1981. 

Table 1. Physical Properties of TCO Anode Films on Glass Substrates. 



Aiiod& Matedal 
[lefetence] 



'3 



Thickness 
(nm) 

1020 
170 
250 



360 
180 



Sheet 
Rpsistaitce 

(«/P) 

14 
18 
39 



12 
20 



Conductivity 
(S/cm) 



700 

3280 

1030 



2290 



3500 



Abaotptiaii 
Coefficient (cm"*) 
(stSSOnni^ 

1100 
2000 



800 



2700 



8075 



Weak 
Function 
(eV) 



5.4 



5-2 



4.7 



" rro icceived fiomDonelley Carp-, 20 O/D; 01 
above* 



de matMiBls avaflablie and/at prepared as described 



RKample3 

For OLED febrication, the as-grown TCO and commercial ITO films were 
subjected to identical sequential cleaning wifeHPLC grade acetone, isopropanol. i 
methanol, then with an oxygen plasma to eliminate organic residues. All of fee 
fteshly cleaned metal oxide surfeces are highly hydrophilic as evidenced by advan 
aqueous contact ai^es of - 0». A thin, aossUnked TAA layer derived £romN(4- 
C6H4CH2CH2CH2Sia3)3 (I. Figure 2) was feen spin-coated onto each of fee anode 
surfecesfi:omalniMtoluenesolationandcuiedatl20°Cforl.0hour. lliislaye 

has been shown inprevious work to enhance TCOIKVL interfecial cohesion and 
charge injection efficiency. The TAA fOms are robust, adherent, contiguous, and 
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electroaotive, wifli -^1 .5 nm RMS toughness on aU TCO substrates, and having a 
tincknessof-lSmnCbyX-rayreflectivity.) (W. Li. J. Malinsky, H. Chou, W. Ma, 
L. Geag, T. J. Marks, G. E. Jabbour. S. K Shaheen, B. Kippelen, N. Pegyhan^anan, 
A J R P. Dutta, J. Andecson, P. Lee. N. Aimsttong. Polymer Preprints. 1998. 39, 
1083 ) Subsequent vacuum deposition (5 x 10 Torr) of 50 nm of N.N'-diphenyl- 
N.N'-bis(3-methyiphenyl)-l.r-biphenyl-4^' diamine (IPD) and 60 nm of gradient- 
snblimed aJuminum iris-quinoxalate (Alq), foUowed by lOQnm of Al completed 
device fibricalion (Figuie 2A,). lUe OLEDs were chaiacf^rized inride a sealed 
aluminumsampleconlBinerunderadiynilrogenatmospliere. A Keithley 2400 source 
meter siq>plied d.c. voltage to the devices and simultaneously recorded the current 
flow. Simultaneously, an IL 1700 research radiometer with caUbiated Si 
photodetector was used to collect Ae photon emission. lUese instruments were 

controlled by a PC via LabView software. 

Eya*nple4 

The operating characteristics of OLED devices febiicated, as described in die 

preceding examqjle, with the present TCO and TTO an 
illustrated in Figure 3. All show typical diode behavior with no current drawn in 
reverse bias, and in aU cases. turn-on occurs simultaneously with current tom-on. 
Wiftin the 1 .0 cd/m^ photxm detector resohition. the threshold voltage for Ught output 
varies sigmficaniiy among the devices: 6.0 V for ITO. and 7.5. 9.0. 10.0. and 10.0 V 
for ZrrO, ZIO, Giro, and GIO, respectively CTable 2, below). Regarding maxmium 
Ught outjut, a brightness of -1400 cd/m^ is obtained for the GIO- and ZIO-based 
devices. While fl« GITO-based device has a maxhnum light output conQ>arable to 
that of the rrO-based device (-2500 cd/m^ at 22 V), the ZTTO-based device exhibits a 
maximmn bri^ess -80% greater than the irO-based device. At 21 V, a maxnnum 
brightness of 4000 cd/m^ is observed for ZITO-based device at a current denwty^ 
corresponding to -0.7 x the value for the ITO-based device. Remarkably, at 
driving voltages, which should be a measure of durabiUty under 
the forward quantum efficiencies of the ZTTO- and GITO-based 
exceed that of the present rrO-based OLED (-0.3%). 
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Table 2. Operating cliaracteristics of OLED devices fibricatedwi^ 
TCO anodes. 



Axiode Material 



"Tom-oii 
Voltage 

00 



Cunent 
Density at 
lOOcd/m* 
(mA/cm?) 



Gao.Q8 Xni^sS^^OLMOs 



no 



10 



10 



8 



9^ 



9.7 



19 



83 



8.5 



li^tOa^utat 
15V 
(cd/ni^ 


Masinnnn 
Forward light 
Oa^ut (cd/nr) 


80 


1320 


150 


2560 


110 


1290 1 


430 


1 4M0 


540 


1 mo 



:»:4l«ltMM 



Me 
External 
Quantum 
BfiBdensy (%) 



0.4 



0^ 



- Defined as fee voltage at vMch I cd/m? light ooftwt is detected. 




Regarding OLED efficiency as a fimctian of anode composition, it can be seen 
flat Sn doping of Ifae Ga-In-O and Zn-In-O systems substantiaUy increases the 
conductivity, increases the work function, and yields siq,erior OLED anodes. Note 
feat Hie quantum efficiency and maxinBim ligjit oulput of the GfTO-. and ZTTO-based 
devices significantly exceeds that of the corresponding GIO- and ZIO-based devices, 
respectively. Apart fiom compositional diflBnences, differences in work function 
among liie new TCO materials should also be reflected in the respective OLED device 
perfonnance, and indeed, within die GIO, ZIO, OnO, ZTTO series, the apparent hole 
mjection feciHty at moderate biases approximately tracks work function (Table 2, 
Figure 3B), ZTTO > GITO > ZIO ~ GIO. In the case of ZTTO, hole injection &om the 
ZrrO anode into the proximate TAA layer should be energetically quite fevorablc due 
to die high ZrrO work function, which lies significantiy below the TAA HOMO level 
(Figure 1). AUother&ingsbemg equal, Ihemtrinsiclioleinjectionbaiiiersho^ 
smaller for the ZTTO/TAA int«rfece ftan for the ITO/TAA mterface, hence more 
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[e injection would be expected 
operative. (Figure 3). Alihouj 



[cspect 



TAA.HOMO, liie ITO-based device neverUieiess exmoiis v iuv»».x ~- 
voltage fean L ZITO-based device and higher quantum efficiencies at low voltages. 
The lower conductivities of oflierTCOs CTable 1) cannot be invotedto explain these 
lesults, considering that^ range of respective sheet resistances (12 - 39 O^D 
spans lhat of ITO, and should not lead to a large voltage drop across the TCO surfece. 
Likewise, in^ved charge injection balance (J. E. Mdinsky, G. E. Jabbour. S. E. 
Shaheen. J. D. Anderson, A. G. Richter. N. R. Armatamg, B. Kipplelen. P. Dutta, N. 
Pcyghambarian, T. J. Mailcs, Adv. Mater. 1999, 11, 227) via attenuation of hole 
injection cannot alone explain Iheae results, since all other fiujtors being equal, 2XrO 
should inject holes more efficiently than ITO due to the lower intrinsic hairier, 
meaning aU other factors being equal, a greater number of photonically uiq»oductive 
holes should reach Ihecafliode, resulting in a lower quantum efficiency. Noteheie. 

however, that the ZTTO device operates at higher quantum efficiendes at high voltage 
ranges (Fig. 30. Control experimente argue that anode growth technique is not a 

m^or fector since devices febricated wifli MOCVD-derived ITO anodes exhibit 
quantum efficiendes con5>arable to those of devices febricated with commercial TO 

with slightly diminished tum-on voltages. 

Trample 6 

The chemical structnre of PFO is Shown m Fig. 4. The polymer was 
syn&esized via a Suzuki coupling reaction and was carefully purified to remove ionic 
impurities and catalyst residues. The number and weight average molecular weig^its 
(Mn and Mw) of PFO were determmed to be 54,700 and 106,975 
(polydispersity-1.95). respectively, by gel permeation chromatogr^hy (GPQ using 
tetrahydroferan as the solvent and polystyrene as the standard, ITO or ZITO coated 
glass was used as the substrate for PLEDs device febrication. The substrates were 
first washed with meflianol, iso-propanol, and acetone in an ultrasonic bath, dried m a 
vacuum oven, and then cleaned by oxygen plasma etching. PFO was spincast on the 
substrates fiom a xylene solution to give an enrissive layer of a thickness about 80 nm. 
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The resulting fihns were dried in a vacuum ovct overnight Inside an inert 

osphere glove box, calciran was Ihermally evaporated onto the PFO films oyer a 
base pressure <10-^ Torr using a shadow mask to define 10 nnn^ electrode area, 
foDowedby aluminmn deposition as a protection layer. The PLED devices were 
characterized inside a sealed alummum sample container using instrumentation 
described elsewhere. 



The PLED devices fehricated in the preceding example were compared. The 

device chaiacteristios of the ITO and ZTTO PLED devices are shown m Figs. 5A-C, 
respectively, for comparaison of lnminance-voltage(L-V), external quantum 
efficiency-voltage, and current-voltage(I-V). It can be clearly seen that the ZTTO- 
based PLED device shows dramatic increase in charge carrier injection, brightness, 
and quantum efficiency ootnpsaed to flie ITO-based device; it turns on at about 8 V 
and roaches maximum luminance of about 2200 cd/m^ at aboirt 13 V and with an 
external quantum efficiency of 0.337%, while the ITO based device turns on at 12 V 
and reaches maximum luminance of about 200 cd/m^ at 21 V and with an external 
quantum efficiency of 0.01%. 

Tt-gfltnple 8 

Qflwr PLED devices of this invention can be febricated to inchxde one or more, 
additional organic liyers and/or components of the prior art, such as but not Umited to 
a hole injection layer and a hole transport layer, nhjstcating the former is a 
triarylaminesiloxane (TAA) of the sort described above wMcb can be fabricated using 
molecular self-assembly techniques. Various flnophene polymers can be spincast. 
With regard to a hole transport layer, known compositions of the prior art- 
irrespective of abrication technique-can be utilized with good effect In one such 
embodiment, TPD can be vapor deposited or silane fimtionalized and applied via 
molecular self-assembly techniques. Such layer, roughened-as would be understood 
by those skilled in the art, can be used to fiuther inqjtove the performance 
enhancement demonstratBd herein. 

As provided above, anode work fimction is an irnportant contributing &ctor in 
determining OUBD hole injection barrier and device performance. Howwer, other 
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factors can fee ccmsidcred in ccmjmcdonlhcrew^^ For instance, for microsttuctmaUy 
very similar materials, anode wodc function is one variable governing OLED charge 
injection and exciton recombination efficiency, and can be consideted with other 
variables such as electrode surfece morphology, composition, and surface electronic 
states. Even so, the inttinsicaUy high work function TCO materials and anodes of Ifais 
invention can be used as described, above, for hole-limited OLEDs, or oxidation- 
resistant, atmosphericaUy stable OLEDs for which energetic aUgnment with low-lying 
HOMO levels of organic layers and high work ftinctions of air-stable calhodcs are . 
required, Furftermore, pieKminary studies of device operational stabiUties by Wasing 
the devices under constant dc voltage reveal that OLEDs fabricated with the present 
non-rrO TCOs exhibit significantly higher stabiKties 2 x longer himinescence 
decay half-lives) than commercial ITO-based devices. 

Example 9 

mdimn oxide is doped, alternatively, wifli Sb, Fb, Ge, Al or Cd to provide the 
corresponding composition, over a range of stoidriometries. Such compositions can 
be, as fiirther required by work fimction and hole injection barrier considerations, in 
turn doped with varying amounts of Sn. Hie preparation of such compositions can be 
achieved usmg techniques of fte prior art, references to wMch are provided above and 
mcotporated herein, or through straigjit-forward modifications thereof as would be 
understood by Ihose skiUed in the art and made aware of this invention. 

While the principles of this invention have been described in connection with 
specific embodiments, it should be understood clearly that these descriptions are 
added only by way of example and are not intended to limit, in any way, the scope of 
Ihis invention. For instance, while several representative TCO materials with the 
stoichiometrics shown have been used to iHustrate certain aspects of this invention, 
various other materials and/or stoicMometries limited only by availability and the 
conductivities, woric functions and related performance properties afforded therewith 
are contemplated within the broader scope of this invention. Other advantages and 
features wiM become apparent fiom the claims presented hereafter, with the scope of 
those claims determined by the reasonable equivalents, as would be understood by 
those skilled in the art 
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What is aaimed : 

1 . An organic light-emittrag device comprising an anode con^onent 
comprising a metal conducting oxide material having a woric fimction greater than 
4.7eV, a cathode component and at least one organic conductive layer therebetween. 

■ > ■ 

2. The device of claim 1 vAerein said anode component material is 
selected ftom Ifae group consistmg of Ga-In-O compositions, Zn-In-O compositions 
and said conq)ositions doped with Sn. 

3. The device of claim 2 wherein said conqjonent material is a Sn-doped 
Zn-In-O composition. 

4. Thedeviceof claims wherein said Zn-In-O composition is 
Zna45Jno,88Sno.6fi03- 

5 . The device of claim 2 wherem one said conductive layer oon^rises a 
hole injection layer. 

6. The device of claim 2 wherein one of said conductive layers comprises 
hole transport layer. 

7. The device of claim 2 wherein one said conductive layer conqnises a 
primary color tight-emitting polymeric composition. 

8. The device of claim 7 virbcKin. said polymeric con^sition is poly(9.9- 
dioctylfluorene) and said anode conqponent material is a Sn-doped Zn-In-O 
composition. 

9. The device of claim 8 fiirtiier including a hole injection layer on said 
anode con^onent, said injection layer conqirising a triarylanrine composition. 

16 



wo 03/019598 PCT/US<ttfl7290 

10. An optoelectric anode component compiising a doped indiiun oxide 
con5)ositicm having a work function greater than about 5 

1 L The anode component of claim 10 wherein said dopant is selected fiom 
Ihe group consisting of Gra and Zn. 

12. The anode con5)onent of claim 11 wherein said conq>osition is selected 
from the group consisting of Ga-In-O and Zn-In-O. 

13. The anode conq>onent of claim 1 1 further including an Sn dopant, 
wherem said conqiosition is selected firom the group consisting of Ga-In-Sn-O and 
Zn-In-Sn-O. 

14. A method of usmg energy level alignment to enhance flie perfcntnance 
properties of an oiganic light-emitting diode device, said method comprising: 

providing an anode component comprising a conductive oxide material, 

said material having a woric function; and 

contacting said anode with a conductive layer corcprising an organic 
composition having an ionization potratial, said ionization potential level and said 
work function level aligned, said alignment defined hy a difTerence between said 
ionization potential and said woric function less than 1 .26V. 

15. The method of claun 14 wherein said conducting oxide material is 
selected from the group consisting of Ga-In-O compositions, Zn-In-O compositions 
and said compositions doped with Sn. 

1 6. The method of claim 1 5 wherein said composition is an Sn-doped 
Zn-In-O composition. 
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17. The mefliod of claim 14 wherein said conductive layer comprises at least 
one of a hole injection conq>onCTt, a hole transport component and an emissive 
componenL 

18. The method of claim 17 wherein said emissive component comprises a 
blue light-emitting polymeric con^Kisition spincast on said anode component 

19. The method of claim 1 8 wherein said anode con^onent is 
Zno.45lho^8Sno.6603» having a work function of about 6.1eV. 

■ 

20. The mediod of claim 1 9 wherein said polymeric conqiosition is 
poly(9,9-dioctylfliioiene) having a work function of about 5.9eV, 
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